Background. There is a need for a reliable, simple diagnostic assay for typhoid fever. Available commercial serologic assays for typhoid fever have limited sensitivity and specificity. Using high-throughput immunoscreening technologies, we previously identified several immunoreactive Salmonella Typhi antigens that seem promising for possible inclusion in a new diagnostic assay: hemolysin E (HlyE), cytolethal distending toxin, S. Typhi lipopolysaccharide (LPS), and S. Typhi membrane preparation.
Typhoid fever remains a significant public health problem, with >11 million cases each year resulting in an estimated 130 000 deaths [1] . A major challenge in typhoid management and control is the lack of a reliable, simple diagnostic assay. Lack of optimal diagnostics for typhoid fever limits our ability to diagnose acute cases of typhoid fever, which is often diagnosed clinically and treated empirically. This has led to substantial overdiagnosis and the overprescribing of antityphoid antimicrobials [2, 3] , which has driven emergence of antimicrobial resistance, especially fluoroquinolone resistance in Asia [4] . Misdiagnosis also often leads to delay of care for the true causative pathogen of the febrile illness, such as typhus or leptospirosis [5] . Improved diagnostics for typhoid fever would not only improve patient management and outcomes but would also extend surveillance efforts to provide reliable estimates of disease burden and allow for better targeting and evaluation of typhoid intervention strategies, especially given the recent endorsement from the World Health Organization (WHO) Strategic Advisory Group of Experts on Immunization and WHO position statement on the use of typhoid Vi conjugate vaccines [6, 7] .
There are several available diagnostics for typhoid fever. Assays based on direct bacterial detection lack availability and are inherently limited by the low number of colony-forming units found in peripheral blood (median colony-forming unit count, 1/mL) [8] . An alternative approach is to identify infected patients based on a host response to the pathogen; however, current serology-based diagnostics (Widal, Tubex [IDL Biotech], and Typhidot [Reszon Diagnostics] tests) have poor sensitivity and/or specificity, especially in endemic settings M A J O R A R T I C L E [9] [10] [11] . Detecting antibodies secreted from circulating, activated-lymphocytes overcomes these limitations; however, the assay requires moderately advanced laboratory capacity and requires hours to obtain a result [10, 12] .
To address these issues, we have used several high-throughput immunoscreening technologies to identify promising Salmonella Typhi (S. Typhi) antigens for possible inclusion in next-generation serodiagnostic assays. These antigens include hemolysin E (HlyE), cytolethal distending toxin B (CdtB), S. Typhi membrane preparation (MP), and S. Typhi lipopolysaccharide (LPS) [13] [14] [15] . HlyE and CdtB are present in S. Typhi and Salmonella Paratyphi A but are rarely found in other Salmonella serovars [16] . HlyE is a pore-forming toxin that affects bacterial growth within human macrophages and contributes to the cytotoxicity and invasion of epithelial cells [17] [18] [19] . CdtB is one of the A subunits of the typhoid toxin and induces cell cycle arrest of host cells by causing DNA damage [20] . S. Typhi MP is a crude MP comprising >936 proteins, including several outer membrane proteins (eg, bacterial chaperonin [GroEl] ) and a number of virulence-associated proteins (eg, PhoP-activated gene C [PagC], sensor kinase [PhoQ], phosphorylated response regulator [PhoP] , and HlyE) [21] . S. Typhi LPS contains serogroup antigens O9 and O12 [22] . We produced these antigens and used a unique, well-characterized sample collection in Bangladesh to identify a parsimonious serologic signature to distinguish typhoid cases from controls, which could be adapted for use in a point-of-care diagnostic to assess antibody responses. We then validated these serologic signatures in an independent cohort in Nepal.
METHODS

Ethics Statement
This study was approved by the research and ethical review committees and/or institutional review board for human subjects research of the International Centre for Diarrhoeal Disease Research, Dhaka, Bangladesh (icddr,b), the Nepal Health Research Council (Kathmandu, Nepal), Massachusetts General Hospital, and Stanford University. The study was conducted per the principles expressed in the Declaration of Helsinki/Belmont Report. Written informed consent was obtained from all individuals or their guardians before study participation.
Study Subject Selection and Sample Collection
Individuals presenting to the icddr,b Dhaka hospital or Mirpur field site (Dhaka, Bangladesh) or the Dhulikhel Hospital (Kavrepalanchowk, Nepal) with clinical symptoms of enteric fever were eligible for enrollment if they were 1-59 years of age (>1 year of age for Nepal cohort) and had a self-reported fever of 3-7 days duration without an obvious focus of infection or alternate diagnosis. Venous blood was collected from participants at enrollment before the start of antimicrobial therapy. Bacteremia was confirmed by blood culture using a BacT/Alert or Bactec 9050 automated system (BD Diagnostics) with identification of isolates by standard culture and biochemical tests [23, 24] .
Immunodiagnostic Assays
The Widal assay and typhoid/paratyphoid test (TPTest) were performed as described elsewhere [10] and the commercial assays, Tubex and Typhidot, were performed according to the manufacturers' instructions [10] . For enzyme-linked immunosorbent assays, the following antigens were used: S. Typhi LPS, MP, HlyE, and CdtB. Source and preparation of antigens are described elsewhere [12, 25, 26] , with modifications and details listed in the Supplementary Methods. Microplates were coated with LPS (2.5 µg/mL), MP (2 µg/mL), HlyE (1 µg/mL), or CdtB (2.5 µg/ mL), and plasma was added at a dilution of 1:500 except for measurement of IgG responses to HlyE for which a 1:20 000 dilution of plasma was used. Bound antibodies were detected with anti-human immunoglobulin (Ig) G, IgA, and IgM conjugated with horseradish peroxidase (Jackson ImmunoResearch), and peroxidase activity was measured with o-phenylenediamine. To compare across plates, the sample readings were divided by the readings of an in-house pooled standard, multiplied by 100, and results were expressed as enzyme-linked immunosorbent assay units.
Statistical Analyses and Latent Class Modeling
For the primary analyses, we used the Bangladeshi samples as our training data set and compared the distribution of anti-HlyE, LPS, CdtB, and MP values for IgA, IgM, and IgG in this training cohort. We first evaluated responses for each antigen-antibody isotype combination in the Bangladesh cohort. We then assessed the classification accuracy of antigen-antibody isotype combinations in this cohort by 3 supervised learning methods: support vector machines, random forests, and partial least squares regression. To do this in the absence of a reference standard for diagnosing acute typhoid fever, we probabilistically assigned individuals to typhoid or control status according to their results by 5 tests (blood culture, Widal assay, Typhidot and Tubex tests, and TPTest) and clinical status (known healthy controls or confirmed alternative diagnoses). All individuals underwent all 5 tests, except for blood cultures in healthy individuals.
We previously reported diagnostic test results in detail for this training cohort [10] , and the test characteristics for this analysis were derived using Bayesian latent class analysis [10, 27] . We generated 1000 training sets in which each sample was probabilistically classified as a case or control, according to their results on the 5 tests, by applying Bayes rule using the sensitivity and specificity for each test together with estimated prevalence from the prior latent class analysis. We then performed the 3 supervised learning algorithms on each set to identify the most predictive antigen-antibody isotypes, assessed by variable importance ranking.
We repeated this for the 1000 training sets and calculated average variable importance across all sets. Using the top 4 antigen-antibody isotype combinations in this training set, we compared the distribution of antibody responses in culture-confirmed cases and controls by Wilcoxon rank sum test. We then created logistic regression models using log-normalized Bangladeshi data to identify the optimal antibody signature to identify patients with acute typhoid, performed backward selection for significant variables, and evaluated the full model and submodels using the log-normalized data from Nepal. We assessed accuracy according to the area under the receiver operator characteristic curve (AUC). All analyses were performed in R software version 3.2.4 (R Foundation for Statistical Computing, Vienna; available at: https://www.R-project.org/).
RESULTS
Characteristics of Study Participants
Of the 127 Bangladeshi study participants with suspected enteric fever, controls with other febrile illness, and healthy controls, 59 (46.5%) were male, and the median age was 13 years (interquartile range [IQR], 5-27 years) ( Table 1 ). For the Nepalese cohort (n = 126), the median age was 22.5 (IQR, , and 61 participants (48%) were male ( Table 1) .
Grouping of Study Participants
Of the 127 study participants in the Bangladesh cohort, 92 were suspected to have enteric fever, and 28 of these participants were blood culture positive for S. Typhi (Table 1) . We also added the following 2 cohorts for comparison: healthy endemic zone controls (n = 20) and febrile patients with other confirmed infectious diseases (visceral leishmaniasis, tuberculosis, and malaria; n = 15). The 126 Nepalese patients with suspected enteric fever were divided into 2 cohorts: positive blood culture for S. Typhi (n = 77) and positive blood culture for other bacteria (Escherichia coli, Staphylococcus aureus, Streptococcus, Klebsiella, Acinetobacter, or Enterococcus) (n = 49) ( Table 1) .
Distribution of Anti-S. Typhi Plasma Responses in Bangladeshis
We measured IgG, IgA, and IgM plasma antibody responses targeting HlyE, CdtB, S. Typhi LPS, and S. Typhi MP. The distribution of antibody responses by isotype to the various antigens in blood culture positive individuals (cases) and healthy controls and those with other febrile illnesses is plotted in Figure 1 . There is a clear distinction between case patients and controls for antiHlyE and MP IgA and IgG responses and LPS IgA responses. There was nonspecific immunoreactivity to IgM for all antigens, and anti-CdtB responses for all isotypes did not perform well as a biomarker for S. Typhi infection. To illustrate how various antigen-antibody isotype combinations performed relative to historical and improved antibody-based tests for typhoid fever, we also plotted the distribution of the antibody responses by isotype and group to the various antigens with groupings based on the results of blood culture and Widal assay (Supplementary Figures 1A and 2 ) and blood culture and TPTest (Supplementary Figure 1B) .
Identification of Optimal Biomarker for Acute S. Typhi Infection
We used probabilistic classification (Figure 2A ) and the following supervised learning methods to identify the optimal biomarker for acute S. Typhi infection: random forests, support vector machine, and partial least squares regression ( Figure 2B ). All 3 machine learning methods yielded similar results, with anti-MP IgG the most important predictive variable overall. The next 3 best predictors, across all 3 methods, were anti-HlyE IgA, LPS IgA, and MP IgA.
Distribution of Anti-S. Typhi Responses in the Nepalese by Cohort
Next, we chose to look further at the top 4 antigen-antibody isotype predictors of acute typhoid infection: MP IgG, HlyE IgA, LPS IgA, and MP IgA. Using our independent Nepalese validation cohort, we confirmed that anti-HlyE, LPS, and MP IgA plasma antibodies could distinguish acute S. Typhi bacteremic individuals from those with other invasive bacteremias (P < .001 for all comparisons; Figure 3A) , and we found that IgA responses to these 3 antigens were highly correlated ( Figure 3B ). We performed age-stratified analyses and found no difference in plasma IgA responses to LPS and MP IgA by age; however, IgA responses to HlyE increased with age among case patients in the Nepal cohort (Supplementary Figure 2) . Because HlyE is present in other gram-negative bacteria (eg, E. coli), we next evaluated by cause of nontyphoidal bacteremia and found that HlyE IgA antibody responses were elevated uniquely in patients with S. Typhi bacteremia and not in those with other gram-negative bacteremias (E. coli, Klebsiella, or Acinetobacter; Table 1 and Supplementary Figure 3) . 
Staphylococcus aureus bacteremia 0 19
Escherichia coli bacteremia 0 15
Streptococcal bacteremia 0 7
Enterococcus bacteremia 0 5
Other bacteremia (Acinetobacter, Klebsiella) 0 3
Abbreviation: IQR, interquartile range.
Model Selection and Validation
Using log-normalized Bangladeshi data, we fit logistic regression models using 3 biomarkers and their combinations: HlyE, LPS, and MP IgA antibody. We then tested these models on the log-normalized Nepal data and assessed classification accuracy in this independent cohort by AUC ( Figure 4 and Table 2 ). Use of 2 antigens (HlyE, and LPS) with 1 antibody isotype (IgA) distinguished typhoid from other invasive bacterial infections with a sensitivity of 90% and specificity of 92% (AUC, 0.95; Figure 4 ). Use of a single antigen (HlyE) had an AUC of 0.93, and at a sensitivity of 90%, specificity was 87%.
DISCUSSION
Starting with a set of immunoreactive antigens of S. Typhi identified from high-throughput screens, we applied supervised learning methods to identify optimal antigen and antibody isotype combinations to identify patients with acute typhoid fever. Using a Bangladeshi training set, we found that IgA responses targeting HlyE, LPS, and MP and IgG responses to MP had strong discriminatory value in identifying patients with typhoid during the acute phases of illness. We then performed a validation step using an independent cohort of Nepalese patients with blood culture-confirmed S. Typhi and other bacteremias to verify that these 3 antigens are promising biomarkers of typhoid fever. The IgA responses to these 3 antigens were highly correlated, and we found only incremental value in combining various target antigens or antibody isotypes. Our findings were consistent with those of 2 earlier studies investigating serodiagnostic signatures for typhoid fever. In a study in which human challenge participants in the United Kingdom were used as a training cohort and typhoid cases and febrile controls from Nepal were used for validation, IgA responses to LPS had the highest diagnostic accuracy (AUC, 0.88) for a single antigen-antibody isotype, but HlyE was also selected for accuracy in several models [28] . In a study in Nigeria, LPS IgA, IgM and IgG responses (AUCs, 0.90-0.93) and HlyE IgG responses (AUC, 0.91) performed well in distinguishing typhoid from other infections [29] . In our current analysis in South Asia, we found that HlyE IgA (AUC 0.93) performed better than LPS IgA (AUC, 0.92) or MP IgA (AUC, 0.83).
It is of interest that our analysis identified plasma IgA responses as an excellent biomarker of acute stage typhoid in South Asia. This may reflect the relative transience of plasma IgA responses compared with IgG responses, especially in endemic areas where reinfection can occur [30] [31] [32] . IgM responses are also transient; however, they can be nonspecific (especially in endemic areas), and in our analysis, IgM responses did not provide any appreciable discriminatory value in identifying S. Typhi-infected individuals. IgG antibody levels can remain elevated for years, and endemic areas may have a high background seroprevalence of IgG antibodies, making it more difficult to interpret a single positive IgG test in the diagnosis of acute typhoid fever [11] .
We found that HlyE IgA is an excellent biomarker for acute infection for both Bangladesh and Nepal cohorts. We have previously identified HlyE in high-throughput immunoscreens as an antigen that correctly identified individuals with acute typhoid or paratyphoid fever in Dhaka, Bangladesh, using plasma and antibody-in-lymphocyte supernatant, a surrogate marker of the mucosal immune response, and this finding has been confirmed by other groups [28, 29, 33] . HlyE is a pore-forming toxin that affects bacterial growth within human macrophages and contributes to the cytotoxicity and invasion of epithelial cells [17] [18] [19] . It is present in several strains of E. coli, including the nonpathogenic (K12), as well as enteroinvasive, enteroaggregative, enterotoxigenic, and Shiga toxin-producing strains [19, 34] , and it is found within the Salmonella genus including the typhoidal serotypes S. Typhi and S. Paratyphi A [19] . HlyE is also present in a number of nontyphoidal Salmonella serotypes (including, but not limited to, invasive isolates of S. Schwarzengrund, Montevideo, Bredeney, and others) [18, 35, 36] . In S. Typhi, the expression of hlyE is under the control of the transcriptional regulatory protein PhoP [17, 37] , a master regulator of intracellular survival of S. enterica. Even though HlyE is expressed by E. coli, our work demonstrates that HlyE IgA retained discriminatory value irrelevant of the cause of other bacteremia, including by nontyphoidal gram-negative organisms.
We also performed age-stratified analyses and found that HlyE IgA did not perform as well in the younger groups in the Nepal cohort. This may be because there were fewer young children in this cohort. Children <5 years old were more highly represented in the Bangladeshi cohort, and in this data set HlyE IgA did retain discriminatory value in young children as well as older children and adults with acute-stage typhoid. Age-based analysis is critical in deciding the optimal assay target and responses. Many diagnostic analyses focus on adults because a larger volume of blood can be collected, but adults in endemic areas may have had repetitive exposures and immune priming, altering the biomarker response. In endemic areas, a large burden of typhoid fever is borne by children, and a diagnostic assay for use in these areas must have excellent predictive value across ages.
A key challenge with identifying reliable markers of typhoid fever has been the limited sensitivity of blood culture, estimated at 40%-70% [9] . To exceed this sensitivity, a diagnostic would have to detect patients with culture-negative typhoid, but identifying such patients is challenging in the absence of more sensitive diagnostics. To overcome this challenge, we used a cohort in which multiple different serologic tests, including acute and convalescent Widal testing, were used to probabilistically classify culture-negative patients into case patients and controls (culture-positive cases were all classified as confirmed). We repeated this classification 1000 times to identify the antigen-antibody isotype combinations that most reliably identified typhoid cases. We found that these combinations performed well in detecting culture-negative typhoid.
Our study has a number of limitations. Our healthy control groups in Bangladesh included few young children, and the validation data in Nepal were predominantly from older children and adults. In addition, our validation set included only confirmed typhoid or other bacteremia cases, although our Bangladeshi training set had a wide range of patient classification types. Our data set also does not directly address the discriminatory value of serologic analysis during acute paratyphoid fever. Paratyphoid fever caused by S. Paratyphi A now accounts for up to 1 in 5 cases of enteric fever in areas of Asia; however, the previous small analysis by Charles et al [13] of HlyE responses in patients with paratyphoid fever suggests excellent performance. Our analysis also used samples collected in highly typhoid endemic areas, and findings might be different in nonendemic areas, although the discriminatory value that we found even in young immunologically naive children is reassuring and suggests that assays based on anti-HlyE IgA detection would be promising even in nonendemic areas.
Despite these limitations, our study represents one of the largest and most rigorous analyses to identify a host antibody-based biomarker profile that distinguish patients with acute typhoid fever in an area of high endemicity, irrespective of age. Our results suggest that development of a diagnostic assay focused on detecting IgA responses against HlyE in acute typhoid is warranted. The detection of LPS and MP IgA responses can also be pursued, although those antigens cannot be expressed recombinantly, and their inclusion in diagnostic assay development would require rigorous standardization to ensure reproducibility. Incorporating serologic testing into a rapid diagnostic format would be essential to achieve impact in the care of patients with suspected typhoid fever. In light of the recent WHO endorsement of incorporating typhoid conjugate vaccines in global typhoid control programs, a rapid, point-of-care, field-based diagnostic detecting anti-HlyE IgA would provide significant synergy, both in helping to identify target populations and in judging the impact of control program measures. 
